We developed the AAV-Oxtr-IRES-Venus vector to rescue the oxytocin receptor (Oxtr) gene functionally at restricted regions in the brains of Oxtr knockout mice. First we chose human eIF4G gene-derived IRES to coexpress Venus, a fluorescent marker gene, with Oxtr. With selected human eIF4G IRES, we constructed the AAV-Oxtr-IRES-Venus vector, and it caused expression of the Venus gene in the brain when 1 l of viral solution (9:4 Â 10 7 vg) was injected into the medial amygdaloid nucleus. In primary neuronal cells transduced with this viral vector and followed by oxytocin administration, functional expression of OXTR was detected by Ca 2þ imaging assay.
We developed the AAV-Oxtr-IRES-Venus vector to rescue the oxytocin receptor (Oxtr) gene functionally at restricted regions in the brains of Oxtr knockout mice. First we chose human eIF4G gene-derived IRES to coexpress Venus, a fluorescent marker gene, with Oxtr. With selected human eIF4G IRES, we constructed the AAV-Oxtr-IRES-Venus vector, and it caused expression of the Venus gene in the brain when 1 l of viral solution (9:4 Â 10 7 vg) was injected into the medial amygdaloid nucleus. In primary neuronal cells transduced with this viral vector and followed by oxytocin administration, functional expression of OXTR was detected by Ca 2þ imaging assay.
Key words: oxytocin receptor; adeno-associated virus; eIF4G internal ribosome entry site Oxytocin (OXT) is a nonapeptide hormone produced predominantly in the paraventricular nucleus (PVN) and supraoptic nucleus (SON) of the hypothalamus. 1, 2) OXT performs various physiological functions via the oxytocin receptor (OXTR) expressed in numerous tissues, including the brain. 2, 3) In addition to its classical functions (induction of labor and milk ejection), accumulating literature strongly suggests that OXT plays an important role in the brain, especially in controlling social behaviors. [2] [3] [4] [5] We have reported that Oxtr-deficient (Oxtr À=À ) mice showed pervasive social deficits, such as defects in maternal nurturing, a deficit in social discrimination and so on. 4) Although OXTR expression is widely distributed in the brain, 6) the relationships between the specific brain regions expressing OXTR and their function in the regulation mostly remain to be defined. To study the region-specific function of OXTR in the brain, we generated an Adeno-associated virus (AAV) vector facilitating the expression of OXTR. AAV originated in a non-pathogenic virus, and promotes efficient transduction to post-mitotic cells and stable gene expression. 7) We selected serotype 2 AAV, which transduces neuronal cells. 8) In this vector, we employed not only Oxtr cDNA but also Venus fluorescence protein cDNA as a marker to trace transduction of the AAV vector to specific regions in the brain. Venus is a variant of yellow fluorescent protein (YFP), which gives enhanced emission higher than YFP, 9) possibly enabling us to detect the gene transduced by the AAV vector. To achieve efficient co-expression of both genes, Oxtr and Venus, we also employed an internal ribosome entry site (IRES). The IRES element, derived from the human eukaryotic translation initiation factor 4 gamma (eIF4G) gene, was obtained by PCR using human kidney derived cDNA, 10) and was used. This IRES element has been reported to have strong and positive roles on translation initiation.
11)
As shown in Fig. 1A , to compare the picornavirusderived IRES (from pIRES2-EGFP, Clontech, CA, USA) element with human eIF4G IRES, we first generated a pair of plasmid vectors composed of DsRed, 12) one of the two candidate IRESs, and enhanced green fluorescent protein (EGFP). 13) When the picornavirus IRES-based dual gene expression vector (pIRESpicornavirus) was transfected to HeLa cells, some of the cells expressing EGFP also co-expressed DsRed. On the other hand, after transfection of the dual gene expression vector, employing human IRES element (pIRES-human), we obtained sufficient co-expression of DsRed with EGFP, with no significant difference between the cells expressing DsRed and those expressing EGFP was found (Fig. 1B, C) . In contrast, the vector with picornavirus IRES showed a significant discrepancy between cells expressing DsRed and those expressing EGFP. We confirmed that the transfections with plasmid DNAs had similar efficiencies by staining for -galactosidase (data not shown). Hence we selected human eIF4G IRES to co-express the OXTR and fluorescent marker Venus genes in an AAV vector. C under 5% CO 2 in Dulbecco's modified Eagle's medium (DMEM, Nissui, Tokyo, Japan) with 10% v/v fetal bovine serum (FBS). For transfection, 1 Â 10 5 HeLa cells were seeded in 1 ml of medium without antibiotics in 12-well culture plates (CELLSTAR Ò , Greiner bio-one, Frickenhausen, Germany) and incubated for 24 h before DNA transfection. Using 4 ml of Lipofectamine 2000Ô (Invitrogen, CA, USA), 1 mg of tested construct DNAs, with 1 mg of pCH110 (Pharmacia, Uppsala, Sweden) as an internal standard, were added to each well according to the instructions supplied by the manufacturer. The cells expressing fluorescent proteins were directly observed with a confocal laser microscope (FV1000, Olympus, Tokyo, Japan). Scale bar shows 50 mm. C, Ratios of cells expressing DsRed, EGFP, and both proteins to total cell numbers in the same field. The Oxtr coding sequence was amplified from mousebrain cDNA using primers Oxtr1 and 2 (Table 1) . In this reaction, BamHI and SalI sites were added to the 5 0 and the 3 0 terminus of the amplified fragment. SalI and SacII sites were added to the 5 0 and the 3 0 terminus of the human eIF4G IRES fragment derived from pIREShuman using primers IRES1 and 2 ( Table 1) . The SacII and XbaI sites were added to the 5 0 and 3 0 termini of the Venus coding sequence using primers Venus1 and 2 (Table 1) . Using multiple cloning sites of the plasmid, 14) all three elements were sequentially composed to build up the pAAV-Oxtr plasmid vector.
Subsequently, we produced the AAV-Oxtr-IRESVenus vector for DNA transduction in the brain (Fig. 2A) . First we transduced this viral vector to cultured HeLa cells to evaluate its infective ability. This experiment clearly showed that almost all of the transduced HeLa cells had a yellow fluorescence derived from the Venus gene (Fig. 2B) . We further confirmed the vector to be functionally active by observation of the Ca 2þ efflux by Fluo3-AM staining about 20 s after the addition of OXT (50 mM) to the culture medium of transduced HeLa cells (Fig. 2C) . In contrast, neither HeLa cells transduced with the AAV-LacZ control vector nor those with the AAV-Oxtr-IRES-Venus vector without the addition of OXT showed fluorescence by Ca 2þ imaging to the extent of the cells with only phosphate buffered saline (PBS). Thus we confirmed that expression of functional OXTR was achieved with the newly generated AAV vector.
Next we carried out in vivo transduction of this viral vector to the mouse brain. We directly detected Venus fluorescence in the brain sections (Fig. 3A) . Figure 3B shows signals, detected by immunostaining (1st antibody, anti-GFP; 2nd antibody, anti-rabbit IgG), in the medial amygdaloid nucleus region where we injected the vector. In contrast, no immunofluorescence was detected in the brain transduced with control AAVLacZ virus. To further confirm the physiological activity of OXTR expressed in neuronal cells, we transduced primary culture cells prepared from Oxtr À=À mice cerebellum with the viral vector. We observed Ca 2þ efflux after the addition of OXT (9.3 mM) to the medium of the cells. This result strongly suggests that the dual genes, one of which was placed at the upstream and the other at the downstream positions of the human IRES element in the viral construct, were both functionally and strongly co-expressed at a sufficient dose.
The AAV-Oxtr-IRES-Venus vector generated in the present work might be a powerful tool in physiological or behavioral rescue experiments with Oxtr À=À mice. We used these primers to amplify each fragment and added the restriction sites. Fig. 2 . In Vitro Transduction of AAV Vector. A, Construction of the AAV vector. The vector was composed by insertion of Oxtr cDNA, IRES, and Venus cDNA into appropriate restriction sites in the multiple cloning site (MCS) of the AAV serotype 2 vector plasmid. The cDNAs were amplified using the primers shown in Table 1 . A control vector harboring the LacZ gene was described. 14 A-B, Venus fluorescence directly detected (A) and immunological detected (B) in brain sections. Oxtr À=À male mice, generated in our laboratory, 4) were anthesized and placed in a stereotaxic instrument (Narisige, Tokyo, Japan) to inject 1 ml of 9:4 Â 10 7 vg/ ml of vector virus solution. The viral solution was gradually administered (10 min) using a micro syringe pump (KD Scientific, MA, USA) through a glass capillary needle into the targeted region of the mouse brain. The needle was left in place for a further 5 min and then withdrawn. The mice were fed for 2 weeks after injection, and then their brains were perfused, postfixed, transferred to 30% sucrose, and frozen. Coronal sections 30 mm in thickness were cut from the brain, stained DAPI and observed with a confocal laser microscope (A). For immunofluorescent staining, the sections were incubated with an anti-GFP rabbit antibody (1:1000, MBL, Nagoya, Japan), and the signal was detected with Alexa488-conjugated goat antibody against rabbit IgG (1:500, Invitrogen, CA, USA). They were also stained DAPI (B). C, Ca 2þ efflux by activation of functional OXTR transduced by the AAV vector. Cell dissociation of cerebellar primary culture was carried out principally with modification of 125 mm mesh spacing. 15) Primary neuronal cells were prepared from the cerebella of neonatal Oxtr À=À mice (P2-P5), distributed to 6.0 cm poly-L-lysine coated dishes (Sumilon, Tokyo, Japan) and cultured at 37 C under 5% CO 2 in DMEM supplemented with 10% v/v FBS. Twenty-four h after preparation of the cells, we transduced them with each vector (1:4 Â 10 4 vg/cell) and, after 2 more d of cultivation, Ca 2þ imaging was carried out according to the protocol supplied by the manufacturer. OXT (9.3 nM) for cultured medium was used. Scale bars show 100 mm in (A, B) and 200 mm in (C).
The care and use of the mice in this study was approved by the Institutional Animal Care and Use Committee of Tohoku University.
